ABSTRACT: In this feature article, we summarize our recent work on understanding and controlling the thermal behavior of nanoparticles grafted with thermoresponsive polymer shells. Precision synthesis of monodisperse superparamagnetic iron oxide nanocrystals was combined with irreversible dense grafting of nitrodopamide-anchored thermoresponsive polymer chains. We provide an overview of how the dense and stable grafting of biomedically relevant polymers, including poly(ethylene glycol), poly(N-isopropylacrylamide), polysarcosin, and polyoxazolines, can be achieved. This platform has made it possible for us to demonstrate that the polymer brush geometry, as defined by the nanoparticle core and relative polymer brush size, determines the thermal transitions of the polymer brush. We furthermore summarize our work on how the polymer shell transitions and nanoparticle aggregation can be tuned. With the independent variation of the core and the shell, we can optimize and precisely control the thermally controlled solubility of our system. Finally, our feature article gives examples relevant to current and future applications. We show how the thermal response of the shell influences the nanoparticle performance in biological fluids and interactions with proteins and cells, also under purely magnetic actuation of the nanoparticles through the superparamagnetic iron oxide core.
■ INTRODUCTION
Research on so-called smart materials has developed into an important and expanding segment within the field of nanomaterials.
1,2 A subgroup of smart materials of special importance for biotechnology and biomedicine includes magnetic nanoparticles with thermoresponsive solubility. 3−5 Temperature is an easily applied external stimulus that can be used to change the quality or stability of a dispersion. In the case of superparamagnetic nanoparticles, this means a change in their magnetic properties such that they can be extracted from a dispersion and redispersed depending on the aggregation state. Thermoresponsive magnetic nanoparticles for biomedical applications are individually dispersed at low temperature, while the particles cluster above a certain temperature called the critical solution temperature, which will be further discussed below. Specific and nonspecific interactions of a nanomaterial also rely on the aggregation state of the nanomaterial and the solubility of functional groups on its surface; thus, they can be switched on and off upon temperature change for thermoresponsive dispersions of nanoparticles. Thermoresponsive colloidal smart materials therefore have received increasing attention in recent years. 3, 4, 6 Obvious applications are triggered cell uptake as well as the extraction of biological molecules and cell separation; 7 they can also be used for medical applications 8, 9 such as drug delivery, 10−12 hyperthermia, 13 and as contrast agents 9, 14, 15 but also for catalysis 16 and sensing. 14, 17 In all of these applications, a key concern should be the control of colloidal stability in a colloidally dense environment such as complex bodily fluids, even if the designed nanoparticle itself is dilute. In more applied work, the need to characterize the basis for this colloidal stability is not always appreciated and is often underestimated. If the application requires a dilute or complex medium and the colloidal stability is provided by polymers and dispersants, then purification to remove excess dispersants is required to correctly characterize the colloidal stability. 9, 18 Many other colloids, molecules, and ions (e.g., proteins and physiological concentrations of salts) will be present when nanoparticles are dispersed in a biological environment; they will exert a strong influence on the colloidal stability of the engineered nanomaterial, which also must be understood. The most intuitive architecture that combines an easy and well-controlled variation of structure with tailored function consists of inorganic core nanoparticles with a grafted polymer shell ( Figure 1) . 5, 9 They superpose the properties of the core (e.g., magnetic) and the shell (controlling colloidal interactions) in a hierarchical structure with well-defined geometry. 5 The core−shell structure not only provides an excellent platform to test ideas regarding functional nanoparticle design and interactions but also provides a straightforward way of linking and controlling the core function with shell colloidal and responsive interactions. In this feature article, we will describe some of our recent work on creating a library of core−shell magnetic iron oxide nanoparticles with reproducible and controlled architecture. We will then focus on our current understanding of how a thermoresponsive polymer shell can and must be tailored to the nanoparticle core to control the interactions of a dispersion of nanoparticles. We see this work as the basis for the further development of any application built on thermoresponsive colloidal dispersions, in particular within biomedicine and biotechnology.
■ PROVIDING A DEFINED SHELL AND COLLOIDAL STABILITY TO IRON OXIDE NANOPARTICLES
The shell provides a key function in composite nanoparticles with an inorganic core. It must prevent and control aggregation. A polymer shell does so by providing an osmotically repulsive chemical potential to balance out van der Waals, electric double layer, and other long-range attractive interactions (e.g., magnetic dipolar interactions of magnetic cores). 19, 20 In particular, the van der Waals attractive interaction is long-ranged and strong enough for nanoparticles to provide a strong driving force for flocculation as well as modulate specific particle interactions even in the presence of a polymer shell. 21 In addition to this, the polymer shell can provide a steric shield to prevent direct physical and chemical interactions with the core. 20 To fulfill its purpose, the repulsion of the polymer brush must extend over the range of the attractive potentials, 9 which requires sufficient solvation, flexibility, dense grafting, and high molecular weight of the polymer chains. 20 The relative influence of the long-range van der Waals and electric double-layer interactions, which dominate within the DLVO framework that aids our understanding of colloidal interactions, 22 can be estimated and compared to the shell extension by performing experiments that scale their contributions differently. For example, the screening of the electric double-layer interaction is strongly dependent on ion concentration. Whether the electric double-layer interaction is responsible for aggregating polymer-coated particles can therefore be investigated as a function of ionic strength or by direct measurements of particle binding to a charged interface as a function of ionic strength. 21, 23 Similarly, the van der Waals interaction can be investigated by varying the size of the core particle if the polymer shells of the various particles are identical and the double-layer interaction is screened by counterions. 15, 21, 23 The repulsive interaction of a hydrated polymer shell (e.g., a grafted polymer brush) can either completely neutralize the attractive interactions or can partially suppress them. The latter leads to weak flocculation or increased probability of localization of nanoparticles close to the attracting interface. 21, 23 In bulk, interactions are studied by measuring the aggregation of nanoparticles using various scattering techniques (see below), while attractive interactions with an interface can be measured quantitatively using surface-sensitive biosensor techniques such as the quartz crystal microbalance 23 or, to obtain the full interaction potential, by total-internal reflection microscopy. 21 Grafted polymer chains are forced to stretch and overlap in a polymer brush. This is achieved by spacing the polymer grafting sites much closer than the radius of gyration, R g , which defines the equilibrium size of the free chain. 24 This requirement becomes even more challenging on the highly curved surface of a small nanoparticle, comparable in diameter to the radius of gyration of the polymer. 25 Dense grafting is thus a high-energy state for the polymer chain, which requires a nonreversible bond to the nanoparticle surface to keep the out-of-equilibrium high concentration of stretched polymer at the surface from dispersing. We exemplified this requirement for iron oxide nanoparticle cores by using different anchors that are known to bind to iron oxide. It was demonstrated that only ligands that strongly coordinate to surface iron ions, such as nitrodopamidefunctionalized polymer dispersants, can prevent nanoparticle aggregation upon the continuous removal of excess dispersants or an increase in temperature or ionic strength. 18, 26 That the stability of the anchor has to be investigated under relevant conditions was demonstrated by the fact that hydroxydopamidepoly(ethylene glycol) (hydroxydopamide-PEG)-stabilized nanoparticles could be dispersed for years at room temperature; 27 however, they precipitated if filtered to remove excess dispersants in equilibrium with the weakly surface-bound hydroxydopamide-PEG. 18 In contrast, nitrodopamide that provides a much stronger complex with the surface iron withstands not only stringent purification but also thermal actuation, high dilution, and the presence of other dispersants. 12, 18, 28, 29 To complicate matters further, the instability of oxide nanoparticle surfaces means that a too strongly complex- Figure 1 . Schematic representation of a core−shell nanoparticle. The core functionality, such as drug encapsulation or a magnetic or plasmonic contrast enhancer, is protected by the polymer shell that provides colloidal stability. The shell is linked to the nanoparticle core by an anchor forming an irreversible chemical bond between the core and shell. Additional functionalities can be linked to the shell. ing anchor can lead to dissolution of the nanoparticles, as was demonstrated by using mimosine-PEG. 18 The role of a strongly binding anchor becomes even more important if a ligand, such as oleic acid or oleylamine, is already present on the nanoparticle surface after core synthesis. To produce iron oxide nanoparticles with the highest precision in size, shape, and control, thermal decomposition synthesis methods using organometallic precursors are applied that leave a strongly complexed shell of such ligands. 30−32 When the synthesis method already provides a ligand shell, it is important to optimize the ligand replacement protocol to achieve a high grafting density of the preferred dispersant 33, 34 (i.e., a large number of polymer chains grafted per unit area of the core). This requires especially challenging protocols for nonpolar ligands 33, 35 but is also a time-consuming process to be optimized for hydrophilic polymer shells, for which the solubilities of the different grafting states vary greatly. 28, 36 It can also be sensitive to the history of the ligand-coated nanoparticle, such as the aging of oleic acid-capped iron oxide nanoparticles. 37 It is imperative to test and achieve the purification of core− shell nanoparticles that correspond to the conditions of stability relevant for biomedical and biotechnological applications. We argue that this means allowing for full purification, dilution, and use under the physiological salt concentration and over a large range of temperature in water. Of these demands, achieving complete purification of excess dispersants after nanoparticle synthesis is also a very demanding and often underestimated task 38 because a densely grafted nanoparticle shares almost all of its physicochemical properties with the free polymer. We recently investigated the pros and cons of different methods of purifying PEG-grafted iron oxide nanoparticles. 28 Dialysis through high-molecular-weight (MW) dialysis membranes was shown to be an efficient but slow way to remove excess dispersants; it also risks destabilizing densely grafted nanoparticles possibly because of the long purification times and large osmotic stress on dense polymer brushes. When possible, as for PEG-grafted iron oxide nanoparticles, solvent extraction aided by magnetic decantation can be used to completely purify the particle dispersion much faster and gentler in large batches. The magnetic moment of the core is used in combination with the reduced solvent quality for the polymer brush that aggregates them to magnetically extract the nanoparticles faster than the free polymer. 28 We have since exploited the effect of the combination of efficient ligand replacement, a strongly complexing anchor, and the purity of the final nanoparticle dispersion to investigate the influence of the polymer grafting density, 27, 39 polymer molecular weight, 40 polymer topology, 41 core size, 15 and choice of polymer 28, 29, 39, 42 on the colloidal stability. This has also enabled the study of their influence on important properties in biomedical and biotechnological applications such as the relaxivity of iron oxide nanoparticle contrast agents, 15 protein interactions, 23, 28, 29, 39, 41, 43 membrane interactions, 23 and cell uptake. 15, 23, 29 To briefly summarize the result of these numerous studies, a denser grafted shell of higher molecular weight and higher topology with an absolute requirement of stable anchor chemistry, in combination with a larger core (in the superparamagnetic iron oxide size range of ∼4−15 nm in diameter), will result in maximum colloidal stability, resistance to protein adsorption, and functionality for applications such as magnetic resonance imaging (relaxivity).
■ THERMORESPONSIVE CORE−SHELL NANOPARTICLES Thermoresponsive polymers add an interesting function to the core−shell nanoparticles discussed in the previous section because they allow the modulation of the colloidal stability and nanoparticle function in situ. 3−5 This is possible because the solvation of the polymer shell determines the colloidal stability or aggregation state of core−shell particles dispersed in a solvent. The solvation state also determines the polymer shell conformation and thickness (overall particle size). In polar solvents, such as water, dispersible polymers often have a lower critical solution temperature (LCST). 44 Above the LCST, the solubility of the polymer decreases drastically, as illustrated in Figure 2 . Hydrogen bonding of water to the polymer to form a hydration shell lowers its entropy compared to that of bulk water. Upon heating, the higher entropy of bulk water is favored, leading to the dehydration of the polymer over a short temperature interval, which gives rise to LCST behavior of the polymer in water.
The simple schematic phase diagram for a polymer/solvent dispersion greatly increases in complexity for a nanostructured hybrid material such as core−shell nanoparticles. First, the polymer is already present in locally high density on the nanoparticle surface, and the interdigitation of polymer chains from opposing brushes is low. As the polymer solubility decreases, the brush dimensions and therefore the shell and overall hydrodynamic size of the nanoparticle decrease. Nevertheless, this thinner and denser shell can theoretically still provide colloidal stability, especially in dilute dispersions. However, it is also possible that nanoparticle aggregation occurs because of dehydration and reduction of the shell thickness ( Figure 2 ). Despite the simple morphology of spherical core− shell nanoparticles, the act of confining the polymer at high concentration to a highly curved nanoparticle interface greatly affects the local phase behavior. It is crucial to know the phase diagram of the core−shell system under realistic conditions. The nanoparticles will fail in application if their thermoresponsive properties are optimized under ideal laboratory conditions. Many parameters have an influence on the critical solution temperature (CST) of a polymer, such as the concentration, 36 the end group, 45 the monomer composition, 29 and the ionic strength of the aqueous surrounding. 29, 36 Intuitively, these parameters are affected locally by the core−shell nanoparticle morphology. In the past few years, we have investigated all of these parameters thoroughly using our platform of monodisperse iron oxide nanoparticles to which polymer brush shells can be grafted in a very controlled way. This has led to a number of insights into how the detailed structure of the polymer shell around the core greatly influences crucial parameters for applications, such as the transition temperature and extent of particle aggregation. Furthermore, these investigations have shown that dispersions of core−shell nanoparticles can be controlled to a much greater extent than previously shown by employing state-of-the-art synthesis methods for nanoparticles grafted with polymer brushes.
■ DIFFERENCE BETWEEN MEASURING POLYMER DESOLVATION AND CORE−SHELL NANOPARTICLE FLOCCULATION
Methodologically, we emphasize that one must distinguish between measuring the critical solution transition of the polymer and the thermally induced flocculation transition of the core− shell nanoparticle dispersion. We have settled on a combination of dynamic light scattering (DLS) and differential scanning calorimetry (DSC) to elucidate the details of how core−shell nanoparticle dispersions respond to an increase in temperature on the individual particle and global dispersion scales. DLS is used to study the flocculation of nanoparticles in a quantitative manner, while DSC is used to study the solvation transitions within the polymer shell (i.e., even on the submolecular level). These methods are much more sensitive to changes in particle size, aggregation state (DLS), and polymer solvation (DSC) than traditional methods for determining the CST of polymers, such as turbidimetry. It is important to have a consistent way of measuring the transitions of thermoresponsive polymers to compare results from different laboratories and experiments, as was discussed recently for the simpler case of turbidimetry in thermoresponsive polymer solutions. 46 Dynamic light scattering is the most commonly used method to measure the CST of thermoresponsive core−shell nanoparticles as a result of its role as a standard technique to determine the colloidal size and aggregation in colloidal science. 47 DLS determines the hydrodynamic size of colloids based on the Brownian motion of the colloids in suspension. Particles that are part of an aggregate diffuse together and therefore yield an effectively larger hydrodynamic diameter in a DLS measurement than the individual particles. Thermally induced aggregation can therefore be determined by DLS through observing an increase in the average particle size. When used in this way, DLS determines the critical flocculation temperature (CFT) at which the particles aggregate, rather than the solution transition of the polymer in the shell; this distinction is missing in most of the current experimental literature on thermoresponsive colloids. Already without considering the inner complexity of a polymer brush shell, the solution transition of the shell can lead to two different types of outcomes for the core−shell nanoparticle dispersion:
(1) particles with a desolvated shell are still colloidally stable in the dispersion medium; this leads to a reduction in hydrodynamic diameter as the shell becomes thinner as a result of dehydration;
(2) particles with dehydrated and collapsed shells aggregate; this leads to an increase in the measured average hydrodynamic diameter. DLS can be used to determine the CST/CFT by analogy to turbidity measurements, but it does so more sensitively. The intensity of the scattered light is recorded, from which the scattering intensity correlation function and thereafter from the correlation times the Brownian diffusion coefficient are calculated. According to Rayleigh's approximation, the intensity of the scattered light follows I ∝ R. 6 Mie theory (applicable to very large nanoparticles or nanoparticle aggregates) predicts a more complicated relationship between the scattering intensity and size, which also depends on the scattering direction. However, the dependence of the intensity on the size of the scattering particle is also very strong in Mie theory. 48 Thus, small changes in the aggregation state (increase in effective size of the scattering objects) can also lead to a huge increase in the scattering intensity. We therefore use the scattering intensity recorded by the DLS detector to identify more sensitively and precisely the CST/CFT of core−shell nanoparticles than what we can do from observing the change in average size calculated on the basis of the change in the diffusion coefficient. 29, 43, 49 The thermal response of a solvated polymer is from a molecular perspective defined not by macroscopically observable aggregation but by the increased demixing of polymer segments and solvent as the temperature increases to above the CST. The CST phase transition of polymers in water is caused by a cleavage of intermolecular (polymer−water) hydrogen bonds due to the favorable entropy of water in the bulk phase. The breaking of bonds amounts to a change in enthalpy, which is exactly what is directly measured by DSC. DSC allows a much more sensitive observation of the desolvation of the shell than observing it through a change in size through DLS, as is demonstrated by comparing the results in refs 29, 36, and 50.
Using DSC, the heat capacity as a function of temperature is recorded, which usually leads to a broader transition than observed by DLS, because the specific heat is sensitive to the local environment of different parts of the polymer shell. The enthalpy of the transition can be obtained by integrating the specific heat with temperature. Therefore, a measure of the number of broken polymer−water hydrogen bonds per monomer can be approximated. 29, 43 Below, we want to demonstrate an important point for thermoresponsive core− shell nanoparticles, which is that by DSC it is possible to study the CST of the polymer as it varies within the shell without a global change in the aggregation state taking place.
■ EFFECT OF GRAFTING POLYMERS TO AN INORGANIC CORE
Grafting a polymer to a surface changes its transition temperature. This is easy to rationalize from the well-known fact that a change in the end group of a polymer has an outsized influence on the CST. 51, 52 Anchoring one end of a polymer to a surface is a drastic version of that change, leading to a conformational rearrangement from free coil to a so-called mushroom conformation (Figure 3Aii) . 53, 54 Because the anchored end-segment essentially is not soluble anymore, a decrease in CST is observed. This has been demonstrated by many reports on nanoparticles grafted with thermoresponsive polymers for which a high grafting density in the brush regime could not be reached. 50 The density of the polymer segments is much higher in a polymer brush than in the free coil (cf. Figure  3Aiii) . A polymer brush is therefore also expected to have a lower CST than free chains. We observed a large change in the CST of poly(2-ethyl-2-oxazoline) (PEtOxA) 29, 55 and poly(2- isopropyl-2-oxazoline) (PiPrOxA) 29, 36, 50, 55 grafted to iron oxide nanoparticles. Most likely, this effect is dependent on the grafting density. However, this remains to be conclusively investigated because a dense brush is formed only at grafting densities approaching 1 chain nm −2 for realistic polymer chain sizes, and there are few examples of higher grafting densities being achieved for thermoresponsive polymers. Tentatively, a very large decrease in the CST was observed for PEG grafted to iron oxide cores at grafting densities of ∼3 chains nm −2 through melt grafting 39 when investigated by small-angle X-ray scattering. 56 How much the CST is expected to shift simply due to grafting as a function of grafting density remains to be investigated. As will be discussed below, on the basis of our research it might not be meaningful to treat this question in isolation without further considering the effect of varying core and polymer chain sizes.
■ EFFECT OF CORE SIZE ON THE THERMAL RESPONSE OF A GRAFTED POLYMER SHELL Grafting a polymer chain to a surface matters because of the imposed change in conformation and increased local concentration. Thus, a polymer grafted to a nanoparticle is also sensitive to the geometry imposed by the surface (e.g., a spherical nanoparticle core). The curvature of the surface becomes significant as the sizes of the core and polymer coils approach each other. A polymer brush tethered to a planar surface has a nearly uniform segment density through the brush (i.e., every monomer experiences a similar environment (cf. Figure 3Aiii) ). The volume available for the polymer to expand as it stretches into a brush is conical at a curved (e.g., spherical) surface (cf. Figure 3B) ; therefore, a segment density profile such as a star polymer is expected. 57 Careful investigations of the segment density profile have been performed by Zhulina and Borisov. 25 Similar to star polymers, one can roughly find three different polymer density decay regimes within such a brush, schematically described in Figure 3B . 25, 57 Using small-angle X-ray scattering, we demonstrated that for iron oxide nanoparticles with extremely high grafting densities of PEG only a segment density profile with a dense inner core region in accordance with this model fits the scattering curves of the shell well ( Figure  3C ). 56 Thus, the local environment of the monomer segments changes drastically and at different rates within the shell as a function of distance from the core. A concentration-and conformation-dependent property such as the CST should be sensitive to this.
The curvature of the core controls how quickly the segment density decays radially. It therefore also influences the ratio of a polymer that experiences different decay rates within the shell. Thus, we grafted polymer brushes with identical molecular weights and grafting densities to highly monodisperse cores for which the diameter was varied stepwise. 50 Interestingly, a pronounced effect of core size was observed by DSC as reproduced in Figure 4 .
Although free chains show a single broad transition peak with a long tail for the heat capacity in the DSC, small nanoparticles with high curvature show a transition with multiple distinguishable peaks over an even larger temperature interval. Free polymer shows the expected strong dependence on concentration (light orange, low concentration to dark red, high concentration in Figure 4) , which results in a shift in the uniform transition to lower temperature with increasing concentration. A shift to lower CST is observed for polymer grafted to nanoparticles as the concentration of core−shell nanoparticles is increased, but only for the transition peaks at higher temperature. This makes it possible to identify the higher CST peaks as belonging to the outer part of the shell. The chemical potential of polymer within the brush is defined with respect to the average bulk potential. The outer parts are at lower segment concentration as a result of the radially nonuniform distribution of polymer in the shell. They are therefore more susceptible to the change in average bulk concentration (chemical potential) that influences the CST of the polymer segments.
Even more interesting is that the same data set shows that the transition becomes more uniform as the core diameter is increased. Increased size means a decrease in curvature and a more uniform brush. Indeed, at a core diameter of 10 nm the transition is again almost described by a single broad peak, especially at high particle concentration. The thermal response measured by DSC is then similar to that of free polymer chains but with the transition at significantly lower temperature.
In summary, we show that nanoparticle geometry, as a result of its influence on polymer brush morphology, must be considered to understand the thermal response of core−shell nanoparticles. Furthermore, the number and order of transitions within the shell seem to roughly correspond to the regimes theoretically and experimentally found by considering the spherical brush to correspond to the Daoud−Cotton model rather than a simple parabolic or homogeneous shell model ( Figure 3C ). 56 Importantly, fitting three Gaussian peaks to the DSC data for each core size showed that the transition temperature defined by each peak does not change with core size despite the large difference in the area of each peak (amount of polymer transitioning at this CST). 50 However, the fitted CSTs of each peak changed with concentration. We observed that the fraction belonging to the outermost part of the shell was the one showing the strongest decrease in the fractional enthalpy of the transition, under the influence of particle curvature. The center part of the shell was the second most sensitive, and the innermost part of the shell was largely insensitive to particle concentration.
Because the shell structure is also strongly dependent on the grafting density and molecular weight, one cannot specify a precise core size range where these observations are important. However, it is clear from the presented results that this size range extends over the 5−20 nm range of core sizes that are common in many applications, especially for superparamagnetic nanoparticles, and over the polymer shell thicknesses required to make them stable in biological fluids. 29, 40 Intriguingly, the difference between the particles was negligible when we investigated the CFT at which the nanoparticles formed small aggregates in the same study ( Figure  5 ). They all showed a distinct formation of small clusters in the same size range at the same transition temperature. The CFT was furthermore distinctly lower than the temperature at which the free polymer chains of the same molecular weight formed much larger aggregates. Interestingly, the CFT correlates well with the CST of the innermost part of the shell, which was the same for all particles regardless of core size and concentration (cf. Figure 4) .
■ EFFECT OF POLYMER CHAIN LENGTH ON THE THERMAL RESPONSE OF CORE−SHELL NANOPARTICLES
The shell extension and density are also affected by the grafted polymer chain size, i.e. degree of polymerization or molecular weight. A larger chain size corresponds to a thicker shell if all other parameters of the polymer brush are kept equal. A higher molecular weight leads to a higher number of polymer segments, and as seen for PiPrOxA grafted to 9.1 nm iron oxide cores in Figure 6 , the CFT decreases as a function of the polymer chain molecular weight. 36 This is observed at both a constant mass concentration ( Figure 6A , green curve) and a constant molar concentration ( Figure 6A , pink curve) of core−shell nanoparticles (i.e., the local increase in polymer concentration is sufficient to decrease the CFT without taking into account the global increase in polymer concentration). We also note that the difference between the CFT of grafted and free polymer chains decreases with increased molecular weight (cf. black and green data points in Figure 6 ) at similar overall polymer concentration.
Thus, the effect on the CFT of grafting a polymer to a nanoparticle decreases with increasing degree of polymerization of the grafted chains. Importantly, we note that these results seem independent of polymer chemistry because we obtained the same results when varying the molecular weight of PNiPAAm from 5 to 30 kg mol −1 grafted to ∼10 nm iron oxide cores. 58 In our investigation on the effect of changing the PiPrOxA molecular weight, it was observed that the shell included at least two CST transitions if the molecular weight was high enough. 36 This was true even if only one CFT transition was observed (temperature at which aggregation was observed) for the same particle. These observations agree with the observation from the study of the variation of core diameter because for a low molecular weight the shell should not extend far beyond the region close to the core where the segment density is high and almost uniform. For higher-molecular-weight polymers, the different density regimes within the shells described above 43, 56 can also be found in the CST transitions measured by DSC. 36 Unexpectedly, in our study of varying the molecular weight of PNiPAAm over a similar range, multiple CST transitions were not observed by DSC. 58 While all densely PiPrOxA-grafted core−shell nanoparticles formed only small clusters, there was a tendency for shell brushes of high-molecular-weight polymers to lead to slightly larger aggregated cluster sizes. 36 Although small, the difference in cluster size was sufficiently large to require more particles on average per aggregate. The effect of grafted polymer molecular weight on aggregate size was observed to be very strong in our earlier study of PNiPAAm-grafted iron oxide nanoparticles. 58 Only a decrease in shell (particle hydrodynamic) size was observed by DLS below a critical aggregation concentration of the nanoparticles that had a shell of low molecular weight (5 or 10 kg mol −1 ) PNiPAAm. However, increasingly large aggregates were observed as either the grafted PNiPAAm molecular weight or the nanoparticle concentration were increased, as schematically described in the phase diagram in Figure 6C .
The grafting of both PNiPAAm 58 and PiPrOxA 36 at the same grafting density yielded a drastic decrease in the enthalpy per monomer of the CST transition. Interestingly, there is a 6-fold increase in the enthalpy per monomer of the CST transition for grafted PiPrOxA from 6 to 20 kg mol −1 , while it less than doubles and mainly stays constant for free polymer chains in this molecular weight range. 36 Again, these findings agree with the picture that the inner part of the shell is greatly affected by the grafting onto a nanoparticle, while the outer parts of the shell increasingly show the transition temperature and effect on the aggregate size of free polymer.
An important measure of colloidal stability for applications is how easily and fast core−shell nanoparticles redisperse after being aggregated above the CFT and cooled. In an application, fast and spontaneous redispersion without the need for sonication or other energy-intensive and potentially damaging treatments is mostly preferred. This can be investigated by how fast the original average hydrodynamic size of the (individually dispersed) core−shell nanoparticles is measured again by DLS upon cooling, after the core−shell nanoparticles have been heated to above the CFT. We have shown that particles forming small clusters above the CFT can redisperse instantaneously, at least on the minute time scale, under such conditions. 29, 49, 58 However, it is also clear that several properties of the shell, primarily the molecular weight of the grafted chains, influence if such fast redispersion takes place. A too thin, too sparsely grafted, or too unstably anchored polymer brush shell leads to irreversible aggregation upon heating. 36, 40, 41, 49 If the molecular weight is high (i.e., the outer part of the shell behaves similarly to free polymer chains and comprises a major part of the shell), then the aggregates that form are larger and take longer time to redisperse. 36, 58 A likely explanation for the increased aggregate size is that these clusters form more like those of free polymer chains, which form very large aggregates and turbid suspensions. 50 A shell comprising polymers with higher molecular weight (especially at a low core size) means a larger fraction of the polymer shell assuming a low-density conformation similar to that of the free chains. Core−shell nanoparticles forming large aggregates do not redisperse spontaneously and immediately. This contrasts with free polymer chains, which redisperse immediately in the molecular weight range investigated by us. Three major differences that likely contribute to this are the slower diffusion of the cores, the restriction on water distribution that cores pose, and the additional adhesive potential produced by van der Waals attraction of the cores brought close to each other. However, care should be taken to ensure proper preparation of the samples and interpretation of the results. Free polymer in dispersion left over from insufficiently stringent purification can also lead to the formation of large aggregates and a shift to higher CFT. 42, 58 The adhesive interaction between polymers also becomes stronger as grafted polymer chains and free polymer dehydrate. This drives aggregation to larger aggregates and slows down rehydration.
■ EFFECT OF IONS AND PHYSIOLOGICAL BUFFER CONDITIONS ON THERMORESPONSIVE NANOPARTICLE AGGREGATION
Many studies investigate the effect of temperature on the colloidal interactions of thermoresponsive nanoparticles in pure water despite the fact that biotechnological and biomedical applications require physiological or close to physiological conditions. Physiological application conditions mean a very high ionic concentration of ∼160 mM, with the concentration of NaCl usually set to ∼150 mM. The presence of ions is expected to change the solubility of polymers in water in accordance with the Hofmeister series. Thus, kosmotropes such as chloride ions are expected to strongly reduce the solubility of the thermoresponsive polymers used to stabilize core−shell nanoparticles, in direct correlation with their hydration. 59 By strengthening the hydrogen bond network of bulk water, kosmotropes make water hydrogen bonding to the polymer less favorable and therefore shift the balance between a fully hydrated brush and a dehydrated brush to a lower CST. More specific effects of ions on the thermoresponsive behavior of polymer brushes have also been suggested, such as direct complexing to the polymer by salting out. 59 The discrepancy between the ionic conditions in many studies and those of the intended applications is not consequential to investigate fundamental behavior such as the influence of nanoparticle architecture, but it can lead to significant deviations for the evaluation of the performance of a specific nanoparticle design in an application. Despite its CST being lower than human body temperature, most work in the literature has focused on PNiPAAm. For core−shell nanoparticles with PNiPAAm, the difference between performing an experiment in pure water or in physiological buffer is small. However, other polymers, such as poly(2-alkyl-2-oxazolines), have shown greater susceptibility to the presence of ions at high concentration. 60 We investigated the effect of the concentration of different salts from the Hofmeister series on the CFT of 9.1 nm diameter iron oxide nanoparticles grafted with PiPrOxA. 36 A drop in the CFT of several degrees was observed at salt concentrations in the millimolar range (Figure 7 ). The temperature drop followed the Hofmeister series for kosmotropes, yielding a larger drop in CFT for stronger kosmotropes and a higher sensitivity to the anion than to the cation. A drop of 10°C from 36 to 26°C could be observed for H 2 PO 4 − at 160 mM, while NaCl at 160 mM led to a drop in the CFT of 4°C. Interestingly, the strongest kosmotropes showed a stronger concentration dependence but less influence at low concentrations (Figure 7) . In a similar study using 10 nm indiameter cores grafted with 16.5 kg mol
PiPrOxA, a drop in the CFT from 38°C in Milli-Q water to ∼32°C in physiological buffer (48°C for the free polymer) was observed. 29 That result demonstrated the high reproducibility of the effect of ionic strength across studies if the system parameters are reproduced.
Thermoresponsive polymers with very high CST were shown to be more susceptible to a change from pure water to physiological conditions. PEtOxA (14 kg mol
) does not show a CST in pure water. Nanoparticles (10 nm core) densely grafted with 14 kg mol −1 PEtOxA showed a decrease in the CFT from 74 to 47°C when the medium was changed from pure Milli-Q water to cell medium based on phosphate-buffered saline. 29 The addition of fetal calf serum to the media did not change the CFT further. In the same study, a 15 kg mol −1 random copolymer of 87/13 mol/mol PEtOxA/PiPrOxA was synthesized to have a grafted CFT slightly above body temperature at 45°C in pure Milli-Q water. In physiological buffer, the CFT dropped to 35°C (i.e., below body temperature and temperatures used for cell experiments). In summary, the loss of hydration of the polymer shell due to the exposure to anion kosmotropes leads to reduced osmotic repulsion by the shell. Thus, the core−core and polymer−polymer van der Waals attractions can dominate the interparticle interaction and lead to the observed aggregation. Because of the van der Waals attraction between the nanoparticle cores, one can also observe particle aggregation for particles with polymer chains such as poly(ethylene glycol) (PEG) at temperatures much lower than the CFT of the polymer in water. 27, 56 This is more pronounced as the chains become shorter and the grafting density is decreased, therefore leading to thinner and less hydrated brushes.
■ PROTEIN INTERACTIONS AND CELL UPTAKE OF NANOPARTICLES CONTROLLED BY THERMORESPONSIVE SHELLS
Protein adsorption on core−shell nanoparticles is known to play a crucial role in the clearing cascades of the mononuclear phagocyte system and therefore must be avoided. 19, 61 This is likely a combined effect of specific interactions of opsonins and a response to the increased size of aggregates. The stability of nanoparticle dispersions in the presence of proteins is affected by temperature. Core−shell nanoparticles with densely grafted polymer brushes are colloidally stable in the presence of protein solutions as long as the polymer brush is irreversibly grafted at a grafting density of at least 0.7−1 chains nm
; this was shown for our model system in numerous studies using poly(ethylene glycol) and other polymers. 18, 23, 29, 39, 42 Some protein adsorption seems to inevitably take place with nanoparticles stabilized by linear, high CST, so-called "stealth" polymer brushes such as PEG and PEtOxA as well as for thermoresponsive polymers below their CST such as PNiPAAm and PiPrOxA. 43 Increased protein adsorption takes place when the temperature is higher than the CST of the polymer shell, 62 as can be seen by the increased cluster size 29, 39 and sometimes the loss of reversibility of thermally induced aggregation in the presence of (denatured) protein. 39 This can lead to precipitation of particles in serum at temperatures and protein concentrations high enough that proteins denature and precipitate.
Furthermore, we recently showed that the cell uptake of core−shell nanoparticles is affected by temperature in relation to the CST/CFT, as shown in our study of PEtOxA, PiPrOxA, and PEtOxA/PiPrOxA brush-stabilized nanoparticles. 29 Particles above their CFT lost their stealth properties and were recognized and taken up by HeLa cells. 29 Whether this is due to reduced resistance to protein adsorption, due to direct interaction with the cell surface (receptor mediated endocytosis), or simply due to a larger average aggregate size remained unclear from these experiments.
■ TUNING THE REVERSIBLE AGGREGATION OF CORE−SHELL NANOPARTICLES BY POLYMER SEQUENCE AND TOPOLOGY With knowledge of the requirements of grafting density, molecular weight, and CST of a polymer as well as how the CST varies with radial distance from the core through the shell, one can start to design tailor-made sequences that optimize the thermal transitions and colloidal interactions. One could, for example, in the first step design the transition of the inner part of the shell to define the CFT (results in Effect of Core Size on the Thermal Response of a Grafted Polymer Shell) and the outer part of the shell to control the reversibility and size of the formed aggregates (results in Effect of Polymer Chain Length on the Thermal Response of Core−Shell Nanoparticles). This concept was investigated by grafting a block copolymer shell using two blocks that have different CSTs (PEtOxA and PiPrOxA). 29 The block closest to the core always saw the largest reduction in CST regardless of the order in which the PEtOxA and PiPrOxA blocks were grafted, as investigated by DSC. Significant cluster formation was observed only for particles with the lower CST block (PiPrOxA) in the outer part of the shell. 29 These particles also seemed less stable below the CST/CFT of the PiPrOxA block compared to particles with the PEtOxA block in the outermost part of the shell. It is thus possible to have two wellseparated thermal shell transitions for one core−shell nanoparticle by grafting block copolymer chains.
With the inner part of the shell seemingly dominating the colloidal interactions of core−shell nanoparticles, one can also consider changing the type of brush close to the core. An interesting new option is to graft cyclic polymers to the nanoparticle surface. Cyclic brushes have a different topology which makes the brush profile more homogeneous but thinner for a grafted cyclic compared to linear polymer of equivalent molecular weight. 63, 64 Cyclic polymers, because of their smaller radius of gyration, 65 should also be easier to graft densely to the particle surface. 64 Changing from a linear to a cyclic topology of the brush was recently shown to lead to superior properties in terms of suppressed protein binding and increased lubrication on planar surfaces. 66 Even more recently, we experimentally showed these advantages for highly curved nanoparticle brushes. Iron oxide nanoparticles (9 nm in diameter) grafted with ∼6 and 11 kg mol −1 PEtOxA at grafting densities >1 chain nm −2 for linear chains were compared to the same cores grafted with cyclic PEtOxA of similar MW. 41 The grafting of cyclic PEtOxA resulted in almost twice the grafting densities compared to those of their linear equivalents. The nanoparticles grafted with cyclic PEtOxA showed a higher CFT in phosphate-buffered saline than their linear counterparts. They were also redispersed immediate upon cooling, while the linear grafted core−shell nanoparticles redispersed only after cooling and agitation. This was interpreted as that the dense cyclic brushes, which display very low interchain penetration, prevented close van der Waals contact of the cores during aggregation and thereby facilitated rapid reversible redispersion. It should be noted that this is not the only possible explanation for the observed difference in redispersibility. The reversibility of colloidal aggregation can also be affected by interpolymer bonding. PNiPAAm is not known to form an internal structure upon heating, and there was no effect observed for prolonged heating above the CST for PNiPAAm-grafted core−shell nanoparticles on the reversibility of the aggregates. 49, 58 However, PiPrOxA is known to be able to adapt crystalline conformations upon dehydration, in which the hydrogen bonding with water is replaced by internal hydrogen bonds. 67−69 The internal hydrogen bonding is essentially irreversible, and a polymer brush in which this occurs cannot spontaneously regain its original brush conformation. We frequently observed indications of a reduced ability to rehydrate and redisperse in our studies on the reversible thermal actuation of iron oxide nanoparticles grafted with PiPrOxA or PEtOxA. 29, 36, 41, 50 Samples could often no longer be fully redispersed when they were kept at temperatures significantly above the CST for long times. The effect is most clearly demonstrated by the loss of enthalpy of the transition upon cooling compared to heating 50 ( Figure 4 ). The nanoparticles with linear PEtOxA brush shells were held for a longer time and were higher above their CFT than the cyclic ones in the investigations described in ref 41 . However, crystallization is not known to occur for PEtOxA. It could also be that this observation of time and temperature having an effect on the redispersibiliy of PEtOxA-grafted nanoparticles is only an effect of more complete dehydration leading to more compact clusters with stronger adhesive forces between the polymer shells.
■ MAGNETOTHERMAL REVERSIBLE AGGREGATION
Single-crystalline iron oxide nanoparticles in the 3−20 nm diameter range are superparamagnetic. Nanoparticles with individual iron oxide superparamagnetic cores can typically not be extracted from a dispersion by a fixed magnet if they are well-stabilized by an extended polymer shell. They retain full and fast Brownian mobility, which is excellent for maximum binding and capture ability if they are functionalized for specific interactions with biomolecules and cells in separation applications. However, aggregated particles with interacting cores produce a magnetic moment sufficiently high for extraction by a fixed magnet that can be built into biotechnological devices for separation. Using nanoparticles grafted with PNiPAAm, 49 polypeptoid (polysarcosin), 42 and PiPrOxA 29 brush, we showed that heating the nanoparticle dispersion to above the CFT could be used to extract superparamagnetic core−shell nanoparticles ( Figure 8A) . It was also shown that nanoparticles with dense polymer brush shells can spontaneously redisperse within minutes or redisperse by just providing a light shake. This holds true even after they have been thermally and magnetically aggregated. This ability is not present if the grafting density is low. Magnetic nanoparticles can be heated using alternating magnetic fields that induce losses through Neélian relaxation as the particle magnetic moment is flipped across the boundaries between easy magnetization directions of the nanocrystals. 70 Coupling such localized magnetic heating to responsive materials has been shown to be very promising for use of hyperthermia for biomedical applications in a wide sense. 6 We demonstrated for PNiPAAmgrafted iron oxide nanoparticles that, indeed, alternating magnetic fields can be used to control the aggregation of the core−shell nanoparticles ( Figure 8B) . 49 With the dispersion in contact with an external magnet, this leads to magnetic extraction, while cooling or removal of the magnet leads to redispersion. The magnetically induced heating and aggregation were shown to work only when the nanoparticle concentration was high (5 
), the heating is less efficient, and even after passing the CST/CFT, the particles did not aggregate sufficiently to be extracted by the fixed magnet. 49 This is in line with the phase diagram in Figure 6C because at a low concentration only small clusters are formed, leading to a lower magnetic moment per aggregate. 58 
■ CONCLUSIONS
With the precise synthesis of both nanoparticle cores and polymer dispersants, it has become possible to investigate in detail the unique properties of core−shell nanoparticles that combine an inorganic (e.g., magnetic) core with a functional (e.g., thermoresponsive) polymer shell. We have therefore in recent years investigated how variations in the core−shell structure influence thermoresponsive properties relevant to applications of nanoparticles in biotechnological and biomedical applications. This was made possible using our toolbox of thermoresponsive polymers synthesized by controlled polymerization, precisely size-controlled iron oxide nanoparticles synthesized by the heat-up method, and optimized nitrodopamide-based protocols for the grafting of dense polymer brushes. The most important of those lessons is that the high curvature of nanoparticles must be matched to the polymer shell morphology and chemical properties. The shell density and thereby thermoresponsive transitions vary with distance from the core surface. Thus, by controlling the monomer composition and density as a function of radial distance from the core (dependent on the curvature), the thermal response can be tailored much more richly than by just accepting uncontrolled nanoparticle aggregation at a single temperature. We foresee that this insight will lead to thermoresponsive polymer shells tailored to applications where multiple transition points and/or controlled cluster size are beneficial. Interesting approaches to accomplish this include gradient and block copolymers as well as combinations with potentially structure-forming thermoresponsive polypeptoids. Furthermore, tailoring the polymer topology and not only the chemistry to match the curvature of the core provides an additional tool that can be exploited to optimize the functional response of core−shell nanoparticles. As we have shown, the thermal colloidal response of core−shell nanoparticles is strongly influenced by moving from pure water to biological salt-, protein-, and cell-containing media. Our demonstrations of the many parameters that can be used to differentiate and tune the shell and colloidal transitions are important with these differences in mind. Applications often put restrictions on changes that can be made to parts of a nanoparticle; having more ways to achieve the same targeted responsiveness (e.g. independently through geometrical dimensions, chemistry, and polymers) is therefore beneficial.
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